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Introduction
Predation of seeds scattered on the ground surface after dispersal from mother plants is a common phenomenon and an important factor of plant mortality (Harper, 1977; Silvertown and Charlesworth, 2001) . Seeds that are spread on the ground before germination or entering the soil are exposed to a wide array of vertebrate (birds and mammals) and invertebrate (beetles, crickets, ants and moth larvae) predators (Westerman et al., 2003) . In Central Europe, the dominant invertebrate seed predators are ground beetles (Coleoptera: Carabidae) . Many carabid species consume seeds in both the larval (Saska and Jarosik, 2001 ) and adult stages (Honek et al. 2005 (Honek et al. , 2009 ). For many species of the tribes Zabrini and Harpalini, seeds are their main food item, while for many species of tribes Pterostichini, Platynini and Trechini, seeds represent only a welcome food supplement (Honek et al., 2007) or a "non-prey" food (Lundgren, 2009; Talarico et al., 2016) . Carabid preferences for seed species and the quantity of consumed seeds depend on several factors. In addition to the taxonomic affiliation of carabids, a limiting factor of seed consumption is the ratio of seed size to carabid size and toughness of the seed coat. Soft seeds with a size that is proportional to the dimensions of carabid mouthparts are preferred, whereas seeds that are too small or too large compared to carabid dimensions and seeds with hard and smooth coats are neglected (Lundgren and Rosentrater, 2007) . In addition, seed consumption varies with the course of the season (Honek et al., 2006) and with actual temperature . Carabid seed predation has been intensively studied in relation to weed control and the seeds of herbs (Kulkarni et al., 2015) . In contrast, the consumption of conifer seeds has been the subject of few works that have either established the occurrence of predation directly (Nystrand and Granstrom, 2000) or on the basis of indirect evidence (Côté et al., 2005; Frei et al., 2012; Kambo and Danby, 2018) . These works have indicated that predation of conifer seeds by carabids is massive and has practical consequences because seed predation may remove or damage a large proportion of dispersed seeds. In addition (but no less theoretically interesting), studies on conifer seed predation may reveal coherence in seed predator preferences (e.g., for particular seed size) despite phylogenetic differences between seed taxa.
In this study, we investigated the preferences of four carabid species for six species of conifer seeds. We selected species of carabids that were likely seed eating. We selected representatives of the tribes Harpalini and Pterostichini, in particular, due to their large body sizes, and we selected the seeds of common conifer species that differed in size. We tested three hypotheses based on our earlier experimental experience on the predation of herb seeds: (1) The intensity of seed predation depends on the carabid taxonomic affiliation rather than on their body size, i.e., species of Harpalini are more efficient predators than species of Pterostichini. (2) The size of the conifer seeds is a more important factor of seed consumption than seed taxonomic affiliation. (3) The seeds of conifer species (gymnosperms) are less attractive to predators than the seeds of dicotyledonous weeds (angiosperms) because gymnosperms, during their longer evolutionary history, may have had greater opportunity to develop protective adaptations against seed predation than angiosperm plants.
Materials and methods

Seed species
The seeds (Table 1 ) of six species of conifer trees and three species of wild herbs found frequently growing on the clearings and margins of conifer forests were used in this study. Conifer seeds were purchased from Semenář-ský závod (Týniště nad Orlicí, www.semenarskyzavod. cz), except for seeds of Thuja occidentalis, which were collected from trees growing at the Crop Research Institute v. v.i. at Prague-Ruzyne (50.086N, 14.303E).The herb seeds were collected at sites located within the 5 × 5 km quadrat centred on 50.115N, 14.265E, during the year before the experiments were conducted. The seeds were stored dry at 5 °C from the time of purchase or collecting until experimentation. The seed length and width were measured as the median values of the seed dimensions, indicated by Bojnansky and Fargasova (2007) . The volume (V) of the seeds was approximated as being three axis ellipsoids calculated by the equation: V = 4/3πabc, where a = 1/2 seed length, b = 1/2 seed width, c = 1/2 seed width × 0.2 in conifer seeds or c = 1/2 seed width in herb seeds. The average seed mass was determined by weighing five samples of 50 seeds used in the experiments. Table 2 ). The average body lengths of these species were taken from Hurka (1996) , and their dry body masses were calculated using the formula of Rogers et al. (1976) and Jarosik (1989) . Experimental beetles were collected at the ground of Crop Research Institute v.v.i. at Prague-Ruzyne using pitfall traps. The pitfall traps, plastic cups that were 8 cm deep with a 7 cm orifice diameter, were placed in stands of winter rape and winter wheat. The adult carabids were stored in the laboratory for 3-5 days in the dark at temperatures of 5-7 °C. This treatment standardised beetle hunger levels, and low temperatures prevented cannibalism. The beetles were then removed from the cold and randomly assigned to preference experiments. Table 2 . Carabid species used in the experiments, their mean body length after Hurka (1996) and dry body mass calculated from mean body length using the formula of Rogers et al.
Feeding experiments
Seed feeding experiments were performed between 20 and 30 June 2009. The ground was covered by dry soil, and water was provided on a moist piece of cotton that was placed on a piece of aluminium foil to prevent moistening of the soil. The seeds were presented on a round filter paper sheet of 4 cm diameter that was then placed in the centre of a glass Petri dish (9 cm diameter, 1.8 cm high). At the start of the no-choice experiment, 10 seeds of a single conifer species and one individual of a carabid species were placed in each Petri dish. The experiments were conducted for 3 days. The number of consumed seeds was recorded each day, and fresh seeds were replenished if 50% of seeds were eaten. A seed was considered fully eaten if it was removed from the round paper pad and ≥50% of its volume was eaten. At the start of dual-choice experiments, 10 conifer seeds, 10 herb seeds and one carabid individual were presented in each Petri dish.
Data analysis
In each experiment, the average number of consumed seeds (±SE) (seed consumption) was calculated for each seed and carabid species combination. Data on average seed consumption were standardised as follows: C s = (x o -x a )/s x, where C s = the standardised value of consumption of a seed species by a particular carabid species; x o = the experimental value of the average consumption of seed species by a particular carabid species; x a = the greatest average of seed consumption by all carabid species combined; s x = the standard deviation of the greatest average of carabid consumption of seed species (Hendl, 2009) . The relationship between seed size and carabid consumption was calculated as a regression of the standardised seed consumption on log seed volume or log seed mass. The differences in the consumption of seeds of Cupressaceae and Pinaceae families were tested using ANOVA with the residuals of standardised consumption of a seed species from a common log-normal plot (Fig. 1a) as the response variable and the seed family as a factor.
The relationship between carabid body mass and seed consumption was calculated as a regression of log seed consumption on log carabid body mass using the data for seeds with non-zero consumption.
Results
In the no-choice experiments, the numbers of seeds eaten varied with the seed and carabid species (Table 3) . The preferred seed species (>5 seeds per individual eaten in the 3-day experiment) were L. decidua, P. abies and P. sylvestris. Seeds of P. menziesii were accepted reluctantly, while seeds of A. alba and T. occidentalis were rejected. The standardised consumption of seeds (C S ) decreased with increasing seed volume (V) (Fig. 1a , C S = 0.759 -(1.164 × logV), R 2 = 0.412, F 1,23 = 15.397, P < 0.001). The ANOVA revealed that the consumption of T. occidentalis (Cupressaceae) seeds was significantly lower than the value expected for a Pinaceae seed species of similar size. In contrast, the consumption of the Pinaceae seed species (A. alba, L. decidua, P. abies, P. menziesii and P. sylvestris) did not differ from the common trend of the regression for standardised seed consumption on log seed volume. The standardised consumption of seeds was less strongly, but still significantly, correlated with the seed mass M S (Fig.  1b , C = 1.515 -(1.120 × logM), R 2 = 0.260; F 1,23 = 7.711, P = 0.011).
The species of ground beetles differed in their consumption activities (Table 3 ). The most voracious were the two large species; P. rufipes, which consumed all accepted species of seeds, and P. melanarius, which consumed seeds of P. sylvestris, each at a high rate (>5 seeds per individual eaten in a 3-day experiment). P. rufipes also consumed the seeds of P. menziesii, and P. melanarius consumed the seeds of P. abies and P. menziesii, each at a medium rate (≥2 seeds per individual eaten in the 3-day experiment). The small species of carabids were poor seed consumers; Harpalus affinis consumed the seeds of L. decidua, P. sylvestris, P. abies and P. menziesii, each at a low rate (≥1 seed per individual eaten in 3-day experiment). Harpalus rubripes only consumed the seeds of two species, P. abies and P. sylvestris, each at a low rate. The consumption (C) of accepted seeds increased with carabid body mass M C (Fig. 2 , logC = -1.521 + (1.425 × logM C ), R 2 = 0.513, F 1,14 = 13.702, P = 0.003). N, the number of replicates; Mean ± SE, the mean and standard error of seeds consumed per individual carabid during the three-day experiment; Minimum (Min) and Maximum (Max) are the respective numbers of seeds consumed in particular replicates. Table 3 . Consumption of seeds of six conifer species by four species of carabids in a three-day, no-choice experiment N, the number of replicates; mean ± SE, the mean and standard error of seeds consumed per individual carabid during the threeday experiment; Minimum (Min) and Maximum (Max) are the respective numbers of seeds consumed in particular replicates. In the dual-choice experiments, both large carabid species preferred conifer seeds over the seeds of herbs. Pseudoophonus pubescens preferred the seeds of L. decidua over the seeds of G. speciosa and D. fullonum, while the difference in consumption of L. decidua and P. lapathifolium seeds was not significant (Table 4) . Pterostichus melanarius preferred the seeds of P. sylvestris over the seeds of all offered herbs (G. speciosa, D. fullonum and P. lapathifolium) ( Table 4) .
Discussion
Predation of conifer seeds
After dispersal from mother plants, seeds are consumed by a variety of vertebrate and invertebrate predators (Westerman et al., 2003; Kitajima, 2007) . Among the invertebrate predators of Central Europe, the most important are ground beetles. This is because of their relatively large body size, which enables the consumption of seeds of many plant species, while other native seed predators, isopods (Saska, 2008) and millipedes (Koprdova et al., 2010) , specialise in the consumption of small seeds. Other large and voracious seed predators, crickets (O'Rourke et al., 2006; White et al., 2007; Ichihara et al., 2014) and seed-eating ants (Chauhan et al., 2010; Baraibar et al., 2011) , are abundant only in southern, warm areas. Carabids are thus apparently the most efficient inverte- brate consumers of conifer seeds in Central Europe, and the results of this study are worth theoretical and practical consideration. This study tested three hypotheses. Hypothesis (1) predicted that the intensity of seed predation depends more on carabid taxonomic affiliation than on their body size, i.e., the species of Harpalini are more efficient predators than the species of Pterostichini . Both large carabid species consumed seeds eagerly, and P. rufipes (Harpalini) consumed more than P. melanarius (Pterostichini). On the other hand, the seed consumption of the two small Harpalini species was low. The intensity of seed consumption was thus determined more by carabid body size than taxonomic affiliation. However, P. melanarius eagerly consumed only the species of conifer seeds and rejected the seeds of dicotyledonous herbs (cf. . The preference of Pterostichini species thus might be limited by the taxonomic affiliation of seeds. Published data support this conclusion since several Pterostichini species were previously established as predators of conifer seeds: Pterostichus adstrictus (Eschscholtz), Pterostichus punctatissimus (Randall) (Côté et al., 2005) and Pterostichus oblongopunctatus (Fabricius) (Nystrand and Granstrom, 2000) . Calathus micropterus (Duftschmidt) of the tribe Platynini was also suspected of seed predation (Nystrand and Granstrom, 2000) . It is thus possible that Pterostichus species, which are not efficient predators of small herb seeds, prefer other seeds that have not yet been offered in experiments. The diet specialisation of P. melanarius is also indicated by its preference for seeds of winter oilseed rape (Brassica napus L. ssp. napus), which were rejected by other carabid seed predators (Honek and Martinkova, 2001; Koprdova et al., 2008; The six pairs of compared seed species are indicated by serial numbers 1 to 6.
The feeding experiment lasted for 3 days, and each seed pair was replicated 10 times. The table indicates the mean number of consumed seeds (±SE), the minimum and maximum numbers of consumed seeds in particular replicates, and the significance of the difference in the number of consumed seeds between the two compared species. The six pairs of compared seed species are indicated by serial numbers 1 to 6. The feeding experiment lasted for 3 days, and each seed pair was replicated 10 times. The table indicates the mean number of consumed seeds (±SE), the minimum and maximum numbers of consumed seeds in particular replicates, and the significance of the difference in the number of consumed seeds between the two compared species.
al., 2012). Hypothesis (1) was thus partly falsified because the Pterostichini species, P. melanarius, is an eager predator of conifer seeds. This points to the necessity of further research into the specificity of the preferences of carabid seed predators. Hypothesis (2) predicted that the size of conifer seeds is a more important factor of seed consumption than seed taxonomic affiliation. The seed consumption data of Pinaceae fit the hypothesis perfectly. In contrast, the seeds of Cupressaceae (T. occidentalis) were rejected despite their convenient, small size, apparently because of the seeds' high content of secondary defence metabolites (Naser et al., 2005) . This family-specific difference in the acceptance of conifer seeds indicates that the hypothesis of a negative correlation between seed size and consumption rate may be falsified if the seeds of species of different taxonomic affiliations are offered. This again points to the necessity of further research into the specificity of the preferences of carabid seed predators.
Hypothesis (3) predicted that the seeds of conifer species (gymnosperms) are less attractive to predators than seeds of dicotyledonous weeds (angiosperms) since the longer evolutionary history of gymnosperms provided an opportunity to evolve more efficient anti-predation adaptations than angiosperms. This speculation was falsified because in five of the six preference experiments, the conifer seeds were significantly preferred over the seeds of dicotyledonous herbs. Again, more experiments are necessary to test differences in carabid consumption of gymnosperm and angiosperm seeds.
Efficiency of predation in the open and conifer seed mortality
Small conifer seeds of A. alba, L. decidua and P. abies were consumed by large species of seed-eating carabids of both Harpalini (P. rufipes) and Pterostichini (P. melanarius) but were rejected by small carabid species. Both large carabid species selected for the experiments are ubiquists that occur in forest margins and may spread into their interiors (Thomas et al., 1997; Honek and Kocian, 2003) , contributing to the mortality of conifer seeds. The small Harpalus species included in the experiment are typically found in open landscapes (Hurka, 1996) but may also enter the forest margins, if not the forest itself. However, they are inefficient seed predators because of their small size. The typical carabid inhabitants of forests are mostly poor seed predators (Loreau, 1992) . Carabid communities inhabiting conifer forests are poor compared to those in deciduous or mixed forests (Oxbrough et al., 2016) . The carabid communities in European coniferous forests have been extensively studied and consist of the genera Abax, Calathus, Carabus, Cychrus, Leistus, Loricera, Molops, Nebria, Notiophilus, Patrobus, Pseudoophonus, Pterostichus and Trechus (Jukes et al., 2001; Magura et al., 2002; Koivula et al., 2004; Saint-Germain et al., 2005; Gongalsky et al., 2006; Barsoum et al., 2014; Johansson et al., 2016; Langraf et al., 2017) . The genera Pseudoophonus, Pterostichus, Calathus and Trechus have already been shown to be seed predators . The potential of carabid species inhabiting forest interiors for conifer seed predation should be investigated using more species of both seeds and predators.
These potential seed feeders may not be deterred from the predation of conifer seeds by the presence of herb seeds. The herb seed species provided to the carabids in our experiments were selected from the wide variety of seed species that may be encountered in forests because their size was similar to the size of the preferred conifer seed species. The provided seed species were rejected, but many other herbaceous seed species may compete for carabid preference in forests and their margins. It would be interesting to compare the preferences for small herbaceous seed species compared to conifer seed species. Preferred herb seed species, such as Capsella bursa-pastoris, Viola spp. and Taraxacum agg. (Honek et al., 2007) , may attract carabids more than the herb species used in these experiments and possibly even more than the conifer seed species. The temporal distribution of seed production is important for seed predation. While conifer seeds are liberated from mother trees and persist on the ground surface for a long time, preferred herb seeds are dispersed during a short period of seed maturation, which usually does not exceed a few weeks at one patch. This long-term presence on the ground surface may make conifer seeds more vulnerable to invertebrate predation than angiosperm herb seeds.
In this work, we established that small species of conifer seeds are eaten by large carabid species. Seed predation by carabids may be an important mortality factor of conifer seeds. The actual consumption rates of conifer seeds in the open should be studied more, with respect to the composition of carabid communities, the role of the parallel presence of animal prey items, the seasonal variation of predation rates and the selection of seeds in multichoice conditions.
